This study describes the design of a well-defined homotetravalent synthetic allergen (HTA) system to investigate the effect of hapten-IgE interactions on mast cell degranulation. A library of DNP-variants with varying affinities for IgE DNP was generated (K d s 8.1 nM -9.2 µM), and 8 HTAs spanning this range were synthesized via conjugation of each DNP-variant to the tetravalent scaffold. HTAs with hapten K d s < 235 nM stimulated degranulation following a bell-shaped dose response curve with maximum response occurring near the hapten K d . HTAs with hapten K d s ≥ 235 nM failed to stimulate degranulation. To mimic physiological conditions, the percent of allergen specific IgE on cell surface was varied, and maximum degranulation occurred at 25% IgE DNP . These results demonstrated that moderate hapten-IgE affinities are sufficient to trigger mast cell degranulation. Moreover, this study established the HTA design as a well-defined, controllable, and physiologically relevant experimental system to elucidate the mast cell degranulation mechanism.
Type-I hypersensitive reactions (allergies) result from the crosslinking of IgE antibodies that are bound to their high-affinity receptor (FcεRI) on the surface of mast cells by multivalent allergens. 1 The allergen-IgE interactions on the mast cell surface initiate a complex series of downstream signaling cascades, including phosphorylation of the immunoreceptor tyrosinebased activation motifs (ITAMs) in the β-and γ-chains of FcεRI, resulting in mast cell degranulation. 2, 3 In allergy research, the most widely used experimental model utilizes the rat basophilic leukemia cell (RBL) / dinitrophenyl (DNP) system, where the RBL cells are primed with monoclonal IgE DNP (DNP-specific IgE) antibodies. 4 The IgE DNP presenting RBL cells are then stimulated with a multivalent synthetic allergen, which is typically synthesized by conjugating multiple DNP moieties to scaffolds such as BSA, OVA, or nanoparticles, to induce a degranulation response. 3, [5] [6] [7] [8] Although this experimental system has helped elucidate critical aspects of mast cell degranulation, it has several limitations. One common limitation is that in most previously performed assays that utilized the RBL/DNP system, only one type of IgE antibody/hapten pair, namely IgE DNP /DNP, was used. In physiological systems, multiple IgE antibodies are produced that bind with a wide range of affinities to various epitopes present on the allergen, providing for a polyclonal response. 9 Indeed, the level of a particular IgE that is specific for a given allergen ranges from 0.1% to 20% of all IgEs present in an allergy patient's serum. 6 As a result of this variability, mast cells in physiological systems present multiple clones of IgEs specific for an array of allergens with varying affinities. 10 Therefore, experimental systems where mast cells are primed exclusively with IgE DNP provide an unrealistic representation of physiological systems. Furthermore, DNP binds to IgE DNP with an atypically high monovalent affinity, which does not represent the range of IgE affinities for allergy epitopes in nature. 9, 11 Finally, the commonly studied synthetic allergens, which were synthesized by non-specific conjugation of DNP to scaffolds such as BSA, are poorly defined. The chemical conjugation methods used often result in significant heterogeneity in the number of haptens per scaffold, which can range between 2 to 25 haptens per allergen in contrast to natural allergens which typically have 1 to 5 immunodominant epitopes. 3, 5, 6, 8, 10, [14] [15] [16] [17] Further complications arise as only the average number of haptens per synthetic allergen can be determined, many haptens in these scaffolds may not be available to bind to IgE-FcεRI complexes on cell surface due to steric constraints, and these poorly defined allergens likely have multiple geometries of engagement with surface bound IgE complicating conclusions drawn from studies using these allergens. 12, 13 It is well known that the structure of an antigen is crucial for its activity particularly when designing multivalent ligands to bind to cell surface receptors. [18] [19] [20] In an attempt to clarify the properties of allergens, a few reports used molecularly uniform synthetic allergens and were able to identify the minimum number of haptens needed to stimulate a cellular response. [21] [22] [23] However, the experimental systems used in these studies still did not address the question of the effect of monovalent hapten affinity on mast cell activation, and utilized only a single IgE/hapten pair. With the limitations of the previously used allergy models in mind, there is a clear need for an improved experimental system to study allergic responses, which will allow controlled variability in the monovalent hapten affinity and valency on a well-defined scaffold, as well as the ratio of allergen-specific IgE on the surface, for a more complete elucidation of the mechanism of mast cell degranulation.
In this study, we improved the classic RBL/DNP model by designing a homotetravalent synthetic allergen (HTA), which provides complete control over the conjugated hapten moieties and better represents the number of immunodominant epitopes on natural allergens. A tetravalent scaffold was chosen for the synthetic allergen for several reasons. First, we wanted to model the number of immunodominant epitopes found in natural systems, which typically range from 1 to 5. 10, 14-17 A tetravalent system is particularly suitable to mimic some common allergens such as Ara h 3 of peanut and Tri a 14 of wheat, which have four immunodominant epitopes. 24, 25 Second, literature reports describe that potent degranulation is achieved by synthetic allergens with a valency of 3 or higher. 22, 23 Finally, each hapten in the design should be available for binding to IgE antibodies simultaneously without steric constraints, and a valency of 5 or higher would cause such constraints. Furthermore, a tetravalent design was amenable to Fmoc chemistry on a solid support allowing for the rapid synthesis and purification of the synthetic allergens as described in the methods section. To address the effect of monovalent hapten affinity on mast cell activation, we synthesized DNP variants, each with a different affinity for IgE DNP , generating new IgE DNP /hapten pairs with a range of monovalent affinities. This was accomplished by conjugating DNP to various amino acids. It has been previously demonstrated that DNP-amino acids have a wide range in affinity for IgE DNP depending on the amino acid the hapten DNP is conjugated to. 11 The differences in the affinity of the DNP-amino acids are due to the properties of the side chains of the amino acids. Specifically, we synthesized the 12 DNP variants listed in Figure 1 and determined the affinity of each molecule to IgE DNP using a fluorescence quenching method described in our earlier publication. 8 Our results demonstrated that the affinity of the DNP variants for IgE DNP ranged from K d = 8.1 nM to 9.2 µM (Figure 2 ).
From the 12 analyzed DNP variants, we selected 8 representative haptens that spanned the range of affinities, and synthesized the respective HTAs by conjugating each variant to the tetravalent scaffold shown in Figure 3 . The tetravalent scaffold connects each hapten moiety to the core of the molecule using 8 units of ethylene glycol to provide enough length to ensure that all four haptens are available to bind to IgE DNP . 26, 27 Also, glutamic acid residues were incorporated into the scaffold to provide a means of conjugating each moiety to the ethylene glycol linker as well as provide a charge to increase the solubility of the synthetic allergens. The extended length of each ethylene glycol linker is 3.2 nm providing a maximum separation of 6.4 nm between haptens. The flexibility and solubility of the HTA design ensures that each hapten is available to bind to IgE DNP , yet the length of the ethylene glycol linker makes it sterically unfavorable for a single IgE to bind to two haptens on a single HTA. [28] [29] [30] To ensure that the HTAs were capable of simultaneously binding to multiple IgEs, the size of IgE/HTA complexes were measured using dynamic light scattering (DLS). The size of monomeric IgE DNP was measured to be 10.7 nm. Upon the addition of a stoichiometric amount of HTA (HTA:IgE, 1:2), the peak at 10.7 nm disappeared and a new peak at ~20 nm appeared indicating the formation of IgE/HTA complexes. These complexes formed in less than a minute and were stable over several hours suggesting that thermodynamic equilibrium was reached. DLS measurements of IgE DNP resulted in a similar ~20 nm particle size with all 8 HTA molecules ( Figure S1B ). Since, the design of HTA prevents bivalent binding to a single antibody, (when mixed at stoichiometric ratio of haptens to binding sites) the only possible complex that can form with a diameter of 20 nm is a bicyclic antibody tetramer (IgE 4 HTA 2 ); see supporting information for further discussion on the complex formation. These results indicated that HTAs were able to simultaneously bind tetravalently to and form complexes with IgE DNP antibodies. Specifically, the DLS result indicates that each of the four haptens on a single HTA molecule were able to bind to a different IgE Fab domain, and therefore, the HTA is indeed acting as a tetravalent molecule in solution. As a result, we predicted that there would not be any steric issues preventing HTA from effectively presenting all four haptens for binding and crosslinking IgE antibodies on mast cell surfaces.
Next, we studied the effect of monovalent hapten affinity on mast cell degranulation by using the synthesized HTAs. Each of the HTAs were assayed with RBL cells that were primed with a saturating concentration of IgE DNP to ensure that all FcεRI receptors were associated with an IgE. The five tightest binding HTAs synthesized from haptens with monovalent affinities ranging between K d = 8.1 -105 nM for IgE DNP were all determined to be potent stimulators of degranulation ( Figure 4A ). Conversely, the three HTAs synthesized from haptens with monovalent affinities ranging between K d = 235 nM -6.5 µM failed to stimulate a degranulation response. 31 All five HTAs that stimulated degranulation demonstrated a bell shaped response curve -where degranulation first increased, reached a maximum, and then decreased with increasing HTA concentration. Importantly, the potency of the HTAs both in terms of the concentration of HTA required to stimulate a response and the intensity of the degranulation response correlated with the monovalent hapten affinity. Interestingly, the concentration at which each HTA triggered its maximum response was in the range of the monovalent K d of the hapten used in the HTA. This observation suggests that although HTAs are multivalent, an avidity enhancement due to multivalent binding to surface bound IgE does not take place. This is an expected result given that the average IgE distance on the cell surface is ~50 nm; much larger than the distance the HTA can span and it has been previously shown that for significant enhancement in avidity the receptors and ligands must be equally spaced. [32] [33] [34] Therefore, we predict that the HTA molecule first binds to a single IgE-FcεRI complex, and then diffuses across the surface to bind to another IgE-FcεRI complex until signaling competent clusters are formed. In the case of weaker binding HTAs (monovalent K d ≥ 235 nM), it is likely that the rate of dissociation of the hapten with IgE DNP is too rapid to form signaling competent clusters of IgE-FcεRI on the mast cells.
In physiological systems, there are multiple clones of IgEs in the serum and the level of a particular IgE that is specific for a given allergen ranges from 0.1% to 20% of all serum IgEs. Therefore, mast cells present multiple clones of IgEs on their surface with each particular clone of IgE occupying only a certain fraction of the total FcεRI receptors. To mimic physiologically relevant conditions, we assayed the HTAs for their efficiency in RBL degranulation, when the surface bound IgE DNP decreased from 100% to 25% (Figure S2) , while keeping the total IgE concentration constant at saturating levels by using IgE dansyl as the orthogonal IgE. 35 Surprisingly, when the percentage of IgE DNP on the surface of mast cells was decreased to 25%, the intensity of the degranulation response increased for all five HTAs with a monovalent K d between 8.1 -105 nM ( Figure 4B ). While the maximum degranulation response increased ~2.2 fold from 40% to 90% for the three tightest binding HTAs (K d = 8.1 -21 nM), the response increased ~2.8 fold from 20% to 55% for the HTAs with intermediate monovalent affinities (K d = 73 -105 nM). Indeed, the least potent HTA [DNP-Lys], which induced only a moderate response (20%) when 100% IgE DNP was used, induced a much stronger response (55%) when IgE DNP was reduced to 25%. This exceeded the maximum response observed with 100% IgE, even when compared to the strongest stimulator -HTA [DNP-Thr] (38%). In all experiments, the concentration where the maximum degranulation response was achieved remained unaffected with the change in the percent of IgE DNP present on the cell surface. We did not observe any degranulation response with the three weakest binding HTAs (K d = 235 -6.5 µM) under any circumstances. A more thorough study of the effect of the ratio of allergen specific IgE to orthogonal IgE on mast cell degranulation was performed by modifying surface IgE DNP from 100% to 0%. As the percent of IgE DNP on the surface of mast cells decreased, the degranulation response of the RBL cells initially increased and then rapidly dropped off ( Figure 4C ). This bell shaped curve revealed that maximum degranulation was achieved with the RBL cells that were primed with only ~25% IgE DNP . While these results were surprising, they were not completely unexpected. Natural allergy systems are capable of strong responses (anaphylaxis) which occur with mast cells primed with 20% or less allergen specific IgE. 6 Furthermore, it has been demonstrated that maximal degranulation can occur with only 5% IgE cross-linking on mast cell surface. 36 Additionally, an inverse correlation has been shown between FcεRI aggregate size and degranulation response. Studies demonstrated that formation of small aggregates triggered robust degranulation, while large aggregates promoted receptor internalization and was associated with decreased degranulation. 3, 37 It is likely that as the percent of allergen specific IgE decreased on the mast cell surface, the size of the HTA-induced FcεRI aggregates decreased, thereby forming signaling competent clusters that triggered enhanced degranulation.
In conclusion, the HTAs developed in this study provide a well-defined experimental system that allows controlled variability in the monovalent hapten affinity, as well as the ratio of allergen-specific IgE on the cell surface for a more complete elucidation of the mechanism of mast cell degranulation. Studying the effect of hapten affinity in mast cell degranulation has traditionally been challenging due to the limited availability of hapten/IgE pairs as research tools. We addressed this problem by taking a chemical biology approach where we generated 12 hapten molecules for IgE DNP to span a broad range of affinities (K d s from 8.1 nM to 9.2 µM), and synthesized well characterized synthetic allergens by conjugating these haptens to the HTA scaffold. Importantly, the exact valency of the HTA scaffold enabled studying the effect of affinity on mast cell degranulation without other compounding factors. This type of analysis would not have been possible with the previously used synthetic allergens that were generated by conjugating haptens to a protein scaffolds, as these scaffolds yield a high heterogeneity in the hapten valency per scaffold. Our results obtained with the HTA system demonstrated that IgE antibodies do not necessarily need to have a high affinity for allergy epitopes to trigger mast cell degranulation; rather the affinity range is in fact quite broad. In addition, our results suggest that there may be a threshold hapten affinity (K d = ~105 nM) below which mast cell degranulation is not triggered. Our studies also established that the maximal degranulation consistently occurred at allergen concentrations close to the K d value of the hapten-IgE interaction. Surprisingly, we found that maximum degranulation occurred when the mast cells presented only 25% allergen specific IgE. This result indicates that there is an optimal amount of FcεRI crosslinking to initiate degranulation above or below which the intensity of the response decreases. This finding challenges the existing paradigms and raises new important questions on the mechanism of mast cell degranulation, emphasizing the significance of physiologically relevant experimental model systems, such as HTA, in allergy research. Such studies were not possible with the previously established models demonstrating the HTA design as a well-defined, physiologically relevant, and controllable experimental system to address several critical issues in mast cell degranulation. We believe the introduction of the HTA model system as a new research tool will significantly benefit mast cell degranulation and allergy research.
Materials and Methods

Materials
N-Fmoc-amido-dPEG 8 -acid from Quanta BioDesign, N-Fmoc-amino acids, NovaPEG Rink Amide resin, and 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased from EMD Biosciences. 1-Fluoro-2,4-dinitrobenzene (DNP), N,N-diisopropylethylamine (DIEA), trifluoroacetic acid (TFA), and piperidine from Sigma and N,N-dimethylformamide (DMF) (>99.8%) were purchased from Thermo Fisher. IgE dansyl (clone 27-74) was purchased from BD Bioscience, and IgE DNP (clone SPE-7) was purchased from Sigma.
Synthesis of Monovalent Haptens and Homotetravalent Allergens
All molecules were synthesized using standard Fmoc chemistry on solid support. Fmoc protected amino acids were activated with HBTU and DIEA in DMF for 3 minutes and coupling was monitored with Keiser test. Fmoc protection group was removed by three applications of 3 minute exposure to 20% piperidine in DMF. Branching for the HTAs was achieved using the lysine derivate Fmoc-Lys(Fmoc)-OH. Upon treatment with piperidine both Fmoc groups were removed providing two amine groups (terminal amine and the sidechain ε-amine). Next, Fmoc-Lys(Fmoc)-OH was added to each of the newly generated free amines followed by the removal of the fmoc protecting group. This resulted in 4 primary amine groups for the conjugation of the DNP haptens. The synthesized ligands were cleaved from the solid support using 2 × 94/3/3 TFA/H 2 O/TIS for 30 minutes. All molecules were purified using RP-HPLC on an Agilent 1200 series system with a semi-preparative Zorbax C18 column (9.4mm × 250mm), using linear gradient of 2.5% min −1 increments in acetonitrile content with a 4.0 mL/min flow rate. The column eluent was monitored with a diode array detector allowing a spectrum from 200 to 400 nm to be analyzed. The purified products were characterized using a Bruker micrOTOF II mass spectrometer in negative ion mode with the exception of DNP-Lys and HTA[DNP-Lys] which were analyzed in positive ion mode. The purity of all synthesized ligands was estimated to be >97% by an analytical injection using the above described HPLC with a Zorbax C18 analytical column (4.6mm × 150mm). The calculated exact mass of DNP-Thr (C 15 
Fluorescence Quenching Assay
The binding constants of the monovalent haptens to IgE DNP were determined as previously described. 8 Briefly, DNP quenches the fluorescence from the IgE tryptophan residues, occurring at 335 nm, only when the two molecules are in proximity to each other (~10 nm). The monovalent haptens were titrated into a 96 well plate containing 200 µL solution of 10 nM IgE DNP in PBS. All experiments were done in at least triplicates.
RBL Degranulation Assay
RBL cells were kindly provided by Dr. Wilson (University of New Mexico). RBL cells were maintained as described previously. 38 For the degranulation assay, cells were plated at 0.5×10 6 cells/mL in a 96 well plate and were incubated overnight. The next morning, 1 µg/ mL IgE was introduced to prime the cells at saturating concentrations. Unbound IgE was washed away immediately before experiments and indicated concentrations of each of the HTAs were introduced into the wells. RBL degranulation was detected spectroscopically by measuring the activity of the secreted β-hexosaminidase by using the substrate pnitrophenyl-N-actyl-β-O-glucosamine (pNAG). Triton X (1%) was used to lyse the cells and release the contents of the granules. All degranulation experiments were normalized to the Triton X signal. All cellular degranulation assays were performed in at least triplicates.
IgE DNP /HTA Complex Formation
The sizes of cyclic IgE DNP complexes that formed upon addition of HTA were measured using a Malvern Zetasizer Nano S. To measure the size of IgE DNP , 0.8 µM IgE DNP was prepared in PBS and the particle size was measured. To measure IgE DNP /HTA complex formation, a stoichiometric amount of each HTA (0.4 µM) was mixed with 0.8 µM IgE DNP and the complex size was measured using an estimated refractive index of 1.45.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Representative binding curves of DNP hapten variants to IgE DNP . Binding was detected from the fluorescence quenching of IgE DNP tryptophan residues by DNP. Data represents means ± SD. The HTA scaffold is shown. The R groups denote one of the DNP variants for each HTA. Mast cell degranulation response to stimulation by HTAs. The mast cells were primed with 100% IgE DNP in (A), and 25% IgE DNP and 75% orthogonal IgE (IgE dansyl ) in (B), then exposed to one of the eight HTAs at the indicated concentrations. The potency, both in terms of concentration required to stimulate the maximum response as well as the overall strength of degranulation response, directly correlated with the monovalent hapten affinity. (C) The effect of hapten specific IgE (IgE DNP ) percent for achieving maximum degranulation response was investigated. The maximum response for all HTAs was observed for RBL cells primed with 25% IgE DNP .
